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MATERIALS

How Polycrystalline Devices Can
Outperform Single-Crystal Ones:
Thin Film CdTe/CdS Solar Cells**

By Iris Visoly-Fisher, Sidney R. Cohen, Arie Ruzin,
and David Cahen*

Using lower quality materials yields cheaper devices, but
normally this decreases device performance. Optoelectronic
devices, based on single-crystal semiconductor physics, are ex-
pected to display peak performance if fabricated with perfect
crystals. Polycrystalline (PX) materials are mostly character-
ized by two-dimensional (2D) defects, grain boundaries
(GBs), and grain surfaces. However, several types of thin film
PX solar cells outperform their single-crystal analogues.m The
question is, why? The defect density within the grains may be
reduced by “gettering” of defects and impurities at the GBs,
but GBs are also expected to decrease device efficiency. This
is due to the enhanced recombination of photo-generated
charge carriers at GBs.!l Our results, from high-resolution
characterization of CdTe/CdS PX solar cells, indicate that
CdTe GBs do not enhance recombination, but rather partici-
pate in the photovoltaic energy conversion process as efficient
photocurrent collectors and transporters. This suggests that
structural defects can be advantageous for device perfor-
mance, if properly designed, even in devices whose operation
is based on physics of ideal, perfect solids.

Photovoltaic action includes photogeneration of electronic
charges, their separation, transport and, ultimately, collection
at electrodes. Crystal defects and impurities at the GBs, pres-
ent in PX semiconductors, can trap and localize charges. Such
charges then induce regions depleted of majority charge car-
riers near the GB, causing an electrostatic potential barrier
(band bending) for transport of majority carriers across
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GBs.l In solar cells, GBs can decrease the photogenerated
current further by enhancing recombination of photogener-
ated carriers via localized energy states.’! Still, several types
of PX solar cells show such high photocurrents that one can
question if current collection is really limited by grain bulk,
surface, and/or GBs. To answer that, we explored ways of
characterizing the electrical properties of single GBs and
grain surfaces of the ~1 um sized CdTe grains in p-CdTe/n-
CdS PX thin film solar cells.

Characterizing a single GB obviates the need to average
over different GB lengths and crystal orientations, as is done
when processing data from macroscopic measurements of PX
materials.[*®l Measurements of GBs within a device structure
that underwent the entire cell manufacturing process should
give more representative data than those on model systems
(e.g., a single GB in a bicrystal).! The small grain size
(~1 um) does not allow the use of microcontacts, commonly
used for electronic measurements of a single GB.!*/ The major
obstacle is to obtain, notwithstanding the rough PX topogra-
phy, reproducible, interpretable, and representative results
with minimal sample preparation. As explained elsewhere,”)
scanning capacitance microscopy (SCM), preferably in combi-
nation with scanning Kelvin probe microscopy (SKPM), can
serve to characterize a single GB and grain surface electri-
cally. The SCM signal is related to the type and concentration
of majority charge carriers near the semiconductor surface.!"”
SCM and topography maps are acquired simultaneously by
atomic force microscopy, AFM, in contact mode. In this way
the observed variations in carrier concentration can be related
to structural features, such as GBs. In SKPM, a conductive
AFM tip in non-contact mode serves to create a surface
potential map.”!! Conductive probe AFM, CP-AFM, allows
direct mapping of currents through single grains and GBs in
contact mode. Our results represent the electronic properties
under illumination, close to the real solar cell working condi-
tions. This is because the 670 nm (1.85 eV) laser light used for
the AFM (tip height) detection is reflected between tip and
(rough CdTe) surface and absorbed by CdTe, which has a
1.45 eV absorption edge.

Our initial results,””) from SCM and SKPM measurements,
confirm the model of depleted GBs.”! We thus find that there
is a barrier for hole transport across GBs (with variations in
barrier height between different boundaries), in agreement
with models based on macroscopic transport measurements in
such CdTe films.*>”) Romero et al. also interpret cathodolu-
minescence mapping results by an increased density of impu-
rity-related states at GBs, resulting in an electric fields sur-
rounding the GBs."? However, the question “why do the cells
work so well?” remains open. We will show below that the an-
swer can be connected to enhanced separation and collection
of photogenerated charge carriers by CdTe GBs, due to GB
properties that were induced by the post-deposition heat-
treatment in CdCl,.

The CdTe GB core properties were characterized using the
higher resolution of CP-AFM, compared to the SCM and
SKPM measurements described above. At zero bias, CP-
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AFM will map photovoltaic currents (Fig. 1a), induced by
separation of the electron-hole pairs photogenerated by the
AFM laser light, in the cell’s junction field. The strong effect
of the AFM laser was verified by separate measurements with

d
|_—+tip
= [CdTe
— [ (dS

\% no,
glass

Figure 1. Simultaneously collected a) atomic force microscopy (AFM) to-
pography (left), and conductive probe AFM (CP-AFM) current mapping
(right), images of the polycrystalline CdTe surface of CdCl,-treated CdTe/
CdS cell. Brighter CP-AFM signal indicates larger current. b) Topography
(left) and CP-AFM (right) images of CdTe surface in a non-CdCl; treated
cell. As no external bias was applied, CP-AFM mapped the photocurrents
induced by the AFM laser. Image sizes 5 um x5 um. Z range: topography
images, 500 nm; current mapping, 150 pA. The bar indicates 1 um.

an external light source, which had a very small (or no) effect
on the results.'>! If the cell is connected in a circuit, i.e., by the
tip and the SnO, (inset of Fig. 1a), the resulting current can
be collected and measured. Consistent with the SCM results,
the photovoltaic current maps show decreased currents close
to the GBs, within 200-350 nm from the GB core. Surpris-
ingly, though, high currents are seen in the cores of most GBs
(Fig. 1a).

These GB core currents are postulated to be minority car-
rier currents, i.e., of photogenerated electrons in the p-CdTe,
which flow opposite to the junction field’s direction and are
collected by the SnO, electrode. The photogenerated hole
counterparts would then be transported via the grain bulk, in
an opposite process, and collected at the back contact. Collec-
tion of electrons generated near the CdTe surface, via grain
bulk, follows one-dimensional photovoltaic physics, with
regard to the wide depletion layer in CdTe (due to low p-dop-
ing), and allows electron transport to the p—n junction and col-

Adv. Mater. 2004, 16, No. 11, June 4



ADVANCED

lection at the SnO, electrode. However, near a GB, the photo-
generated electrons are drawn into the GB core by the GB
band bending, as deduced from SCM and SKPM. Therefore,
the current collected near the GBs is reduced. The increased
currents in the GB cores result from the (photogenerated)
electrons confined there, flowing along the GB core, and indi-
cate the absence of significant recombination there. This is
consistent with inversion at the GB core, which implies the
scarcity of free holes to recombine with the electrons. Sheet
conduction along GBs was also suggested as occurring in InSb
thin films," and as a possible explanation for the observed
electrical properties of PX CdTe surface barrier diodes.'! We
note that the photogenerated holes would have to cross some
GB barriers to arrive at the back contact, a process whose
driving force is the elimination of charging of CdTe by the
efficient collection of the electron at the other (n-type) end of
the photovoltaic junction.

As noted above, SCM showed hole depletion near GBs,
expressed by a brighter SCM signal (see Cahen and co-work-
ersl” and Fig. 2a). The width of the GB hole depletion region
varied from 100 to 300 nm in different GBs, indicating differ-
ences in the barrier height resulting from different crystal or-
ientations of the grains, and possibly also from different impu-
rity content in different GBs. SKPM showed a smaller work

Figure 2. a) Simultaneously collected AFM topography image (left) and
scanning capacitance microscopy (SCM) image (right) of polycrystalline
CdTe surface of CdCly-treated CdTe/CdS cell. Image size 2 umx2 um.
b) Topography (left) and SCM (right) images of CdTe surface in a non-
CdCl, treated cell. Image size 5 umx5 um. Topography Z range:
500 nm. The bars indicate 1 um.
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function at GBs than at outer CdTe grain surfaces (not
shown). Based on the SCM we conclude that this work func-
tion reduction is related to depletion of holes near the GB,
rather than an artifact related to convolution with topogra-
phy.[9] Support for GB inversion comes from SCM performed
with sharper tips, showing darker lines at several GB cores
(Fig. 2a, bottom left corner of right panel),' i.e., SCM signals
close to zero, typical of an insulating material. This is consis-
tent with an inverted GB core (no free holes). The signal is
not exactly zero due to the limited resolution of SCM, which
convolutes signals from the GB core and the adjacent de-
pleted regions.

Why would the GB be inverted? Cl, found in higher con-
centrations at GBs!'7®! can create Clt. donor surface
defects,[19] which will lead to further inversion, if the donor
concentration at the GBs is high enough so that it is not neu-
tralized by Or. acceptors.”” Doping CdTe with Cl was found
to induce n-type behavior with carrier concentration of
2x10"® ecm™,U and compensation by Cd from the CdCl,
should be negligible, as deduced from comparison to doping
with CdL. Inversion requires a band bending of 0.5 V to
have the Fermi level at midgap in the GB core. Such band
bending within the 300 nm GB depletion region requires a
~7x10" ecm™ doping level in the CdTe grain bulk (using the
one-sided abrupt junction approximation).”®! This is just one
order of magnitude larger than the average value, deduced
from transport measurements in CdTe films (7 x 10** cm™).5!
This small discrepancy probably originates from the averaging
nature of macroscopic measurements, which does not take
into account possible differences between one grain/GB to
another.

Support for inversion at GBs due to Cl comes from compar-
ison of CdTe/CdS cells before and after heating the cells with
CdCl, in air. This treatment is known to improve the cell per-
formance.?*! CdCl,-treated cells showed (by SCM) much
stronger GB hole depletion than untreated cells (Figs. 2a,b),
indicating that CdCl, increases hole depletion near the GBs.
We note that CdTe GBs were found by Woods et al. to be in-
verted even before CdCl, treatment. [} However, their results
support our model in the sense that they indicate an increase
in GB band bending after CdCl, treatment.!! While CP-AFM
shows significant GB core currents in CdCl,-treated cells
(Fig. 1a), these are mostly absent in untreated cells (Fig. 1b).
Additionally, the GB depletion widths were narrower in the
untreated cells (100-250 nm, from CP-AFM images of several
similar samples; not shown) than in the CdCl,-treated ones
(200-350 nm). Because of the known positive effect of CdCl,
treatment on CdTe/CdS cell performance, this suggests that
the GB electronic structure induced by CdCl, treatment is
beneficial for good cell performance. The similar topographi-
cal roughness of untreated and CdCl,-treated cells eliminates
the possibility that contact-area changes can explain the GB
core currents, seen only in the CdCl,-treated cells. Similarly,
changes in the observed width of the depletion layer in SCM,
between CdCl,-treated and untreated samples, exclude tip
contact area-related issues in that measurement.
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Thus, we arrive at the following mechanism to explain the
superiority of these polycrystalline devices over single-crystal
ones. GBs improve cell properties because of processes that
evolve during the CdCl, treatment. Not only is the crystalline
quality of the grains improved by gettering of defects and
impurities into GBsl!! (it is well known that growth of high-
quality large CdTe crystals from the melt is difficult),[zs] but
additionally the unique doping profile that forms near GBs is
beneficial for cell performance. The latter can be understood
by separation of photogenerated electron-hole pairs in the
potential gradient of the GB depletion layer, which normally
only occurs near the photovoltaic junction. The electrons are
drawn into the GB core and flow along GBs towards the junc-
tion, while holes are transported through the grain bulk
towards the back contact. Figure 3 shows these processes
schematically. This charge separation, along with reduced
recombination in the grain bulk (due to reduced defect con-

To o F..
back <

contact

CdTe/CdS
junetion

GB GB

Figure 3. Schematic illustration of electron energy (vertical) versus spa-
tial (horizontal) coordinate of CdTe grains in the solar cell, with the CdS
in front of the plane of the paper. Blue/red circles show hole/electrons,
and blue/red arrows show their direction of movement, respectively. Ec
and Ey stand for the conduction band bottom and the valence band top,
respectively. The scheme illustrates: proposed electronic energy varia-
tions near CdTe GBs; resulting separation of photogenerated electron—
hole pairs near GBs; “funneling” of electrons into and their channeling
along GB core.

centration) and in GBs (as shown by CP-AFM) leads to a
reduction in the overall recombination in the cell, and im-
proved collection of photogenerated carriers.”**’] Enhanced
collection of photogenerated minority carriers by CdTe GBs
was also suggested by Meyers and Albright.pg] SCM and
SKPM cross-section mapping shows no evidence for a buried
homojunction in these PX cells.””) This is important because
if there were a homojunction inside the grain, the GBs would
cross the junction, and transport along GBs would harm cell
performance (by shunting). However, in our case, the CdTe
GB-CdS contact is an n—n* junction, which can behave as a
photovoltaic junction, though with a reduced junction barrier,
which would limit the photovoltage of the cell (see also end-
notel*®)).

There are some similarities between the role of GBs in
CdTe and in Si absorber materials: GBs also act as a sink for
impurities in Si cells, improving the quality of the grain bulk[!
(but, still, the quality of single-crystal Si is better). Enhanced
P diffusion along GBs in columnar PX-Si structures induces
an extension of the emitter layer along GBs, with charge sepa-
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ration occurring along these GBs.”" In addition, a network of
inversion channels was found in “ribbon growth on substrate”
Si solar cells, consisting of densely packed precipitates around
dislocations.’!! These channels collect minority carriers in the
absorber part of the cell and lead them to the pn junction,
thus increasing the cell’s short-circuit current and decreasing
open-circuit Voltage.m] Though the this type of structural
defect is different from GBs, the observed properties are still
quite similar.

Our results show that optimized solar cell absorber material
can be polycrystalline, if the GBs are tailored to assist in
photo-generated charge separation and transport. Other ex-
amples where defects improve device performance are
known. Thus, in GaN devices GBs have been suggested as the
cause of the high ultraviolet photoresponse gain and of the
large optical gain required for lasing.”® Controlled use of
point defects was suggested to improve single crystal Si solar
cell performance by creating an impurity band,*! and vortex
pinning in type II superconductors by defects can increase the
critical current.’™! These (and other) examples suggest that
defects need not be harmful, but may actually be beneficial
for device performance.®® Defect-assisted improvement of
material properties can, thus, widen the pool of new materials
for certain devices.

Experimental

CdTe/CdS Cells: Most state-of-the-art cell structures (without con-
tact to the p-CdTe) were provided by C. Ferekides (Univ. S. Florida),
with the following layer sequence (Fig. 1a, inset): 7059 glass substrate/
800-1000 nm transparent conductive oxide SnO,:F/80-100 nm PX
n-CdS/3-7 um PX p-CdTe. CdS was deposited by chemical bath de-
position, followed by closed-space vapor transport of the CdTe layer
and CdCly-vapor treatment at 400 °C [37]. The samples were soni-
cated in de-ionized water (10 min) to remove residual CdCl,, then
etched with 0.1 % v/v Bro/methanol for 10-20 s to remove the surface
oxide, washed in methanol, and dried in a N, stream. Similar results
are obtained with cell structures from First Solar (see [29] for struc-
ture details about the First Solar samples).

The difference in SCM and CP-AFM signals between GB and grain
surface is explained by a change in the depleted layer at the grain sur-
faces (induced initially by the CdCl, treatment) by Br,/methanol etch-
ing, which does not occur at the GBs. In contrast to the surface, the ef-
fect of Bry/methanol etching on GBs is minimal [38]. This etching of
the grain surface is important for making a low-resistance back con-
tact to CdTe [39]. Hence, the grain surface and GB chemistry should
be independently tailored for optimal cell performance, as was de-
duced earlier also for Cu(In,Ga)Se,/CdS cells [40].

SCM, SKPM, and CP-AFM: In SCM the exact relation between
signal magnitude and carrier concentration depends on measurement
details, and was determined by comparison with reference samples. A
positive signal (brighter than a reference) corresponds to p-type mate-
rial; the brighter the signal, the lower the hole concentration. To avoid
measuring SCM signals dependent on the distant cell junction, we
measured with the junction under forward bias (<—1 V), where it does
not contribute to the measured capacitance. We used a Dimension
3100 (DI-Veeco, Santa Barbara), equipped for SCM. The samples
were biased via the SnO, (see Fig. la, inset). SCM measurements
were found to be almost unaffected by surface topography [9]. SKPM
was done on a P47 Solver Scanning Probe microscope (NT-MDT,
Zelenograd). To minimize the convolution of rough topographic and
electronic data, due to the involvement of long-range electrostatic
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forces [11], a two-pass technique was used for the measurements [9].
CP-AFM was performed on a Dimension 3100 equipped with Tunnel-
ing AFM (TUNA) current amplifier. The bias was applied to the sam-
ple via the SnO, contact, as in SCM. Current mapping was done in
the same bias range used for current-voltage measurements of CdTe/
CdS solar cells (-1.5-0.5 V). The changes in the current with bias gen-
erally followed those observed in cells, i.e., the current reversed direc-
tion near the open-circuit voltage (~0.7 V) [39]. We used Ptlrs-coated
Si probes (Nanosensors) with a typical tip radius of 25 nm, or Pt-coat-
ed Si probes (Micromasch) with tip radius of 35 nm. The lateral
resolution of SCM is comparable to the tip radius [10]. The lateral
resolution of CP-AFM is determined by the radius of the tip-surface
contact area. Its minimum limit can be calculated by assuming a flat
sample surface with Hertz theory [41]. Using a tip load of 100 nN, a
tip radius of 25 nm and the mechanical constants of CdTe [25], this
radius would be about 5 nm. The actual resolution in our case will be
poorer because of the surface roughness. SKPM resolution is esti-
mated to be about 100 nm, due to the effect of long-range electro-
static forces [42].

For SCM the CdTe surface oxide was re-grown by storage in room
ambient for 48 h (~4 nm thick oxide) [43]. CP-AFM and SKPM map-
ping was done 24 h after etching, but no significant change in the
results was noted even 14 days later. As all scanning probe mapping
was done in air, it represents the electronic properties of the CdTe
below the thin native oxide layer, assuming the oxide is not polar.

The similar topographical roughness of untreated and treated cells
(Fig. 1a,b left), and the agreement with SCM data, eliminate the pos-
sibility of topography-induced artifacts to explain the GB core cur-
rents, seen only in the CdCl,-treated cells.
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